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FRICTION, WEAR, AND SURFACE DAMAGE OF METALS AS AFFECTED BY SOLID SURFACE 

FILMS' 


By Edmond E. I^isson, Robert L. Johnson, Max A. Swikert, and Douglas Godfrey 


SUMMARY 

As predicted by friction theory ^ experiments showed that 
friction and surface dam aye of metals can he reduced by solid 
surface films. The ability of materials to form surface films 
that prevent welding was a very important factor in wear 
of dry and boundary lubricated surfaces. Films of graphitic 
carbon on cast irons^ NiO on nickel alloys^ and FeO and 
FcsOi on ferrous materials were found to be beneficial. 
Abrasive films such as Fc20z or MoO^ were definitely detri- 
mental. It appears that the im/portance of oxide films to 
friction and wear processes has not been fully appreciated. 

The chemical reaction films FeS and FeCl 2 '^^^e both e fective 
in the prevention of surface welding. Because of its lower 
shear strength, FeCU was more effective than FeS in reducing 
friction. 

Solid lubricants such as molybdenum disulfide and graphite 
warrant careful consideration for use under severe conditions 
such as high temperatures. Surface films of those materials 
were found to have beneficial results in friction studies at high 
loads and high sliding velocities. Bonding mechanism studies 
showed that both M 0 S 2 wnd graphite can be bonded to many 
surfaces by use of a resin-forming liquid. Bolling contact 
bearing experiments showed that effective lubrication could be 
maintained at temperatures of 1000^ F by injection of minute 
amounts (0.001 Ibimin) of these solids. In the presence of 
oxygen, AI 0 S 2 oxidizes to MoOz at a very low rate at 750^ F, the 
process becoming rapid at temperatures above 1050° F. 

INTRODUCTION 

This paper is liased on NACA research data obtained 
(hiring a series of investigations in the field of lubrication, 
friction, and wear conducted from 1946 to 1954. Each in- 
vestigation in the series had specific objectives, hut all were 
directed toward determination of the role of surface films 
in friction and wear. 

As is well known, the presence of a contaminating film 
between sliding surfaces can have a marked effect on friction, 
wear, and surface damage. (A contaminant is defined as 
any material other than those comprising the sliding sur- 
faces.) Some contaminants are beneficial (lubricants), while 
others are detrimental (abrasives). Considerable evidence 
(refs. 1 to 8) indicates the importance of solid surface films 
to the compatability of sliding surfaces. Physical and 
chemical surface chang(?s have been associated with satis- 
factoiw and with unsatisfactory operation of metallic sliding 


surfaces (ref. 2). As an example, ‘Tun-in” has long been 
known to be effective in improving the performance and the 
load-carrying capacity of surfaces. Among the factors that 
lead to satisfactory performance are the formation and 
maintenance of certain beneficent solid surface films. 

Such solid films are commonly formed on sliding surfaces 
by use of extreme-pressure additives in lubricants; chemical 
films of low shear strength or of low melting point are foi'med 
by reaction between additives and the sliding sm*faces under 
conditions of extreme pressure and temperature. Theories 
for the mechanism of extreme pressure lubrication are dis- 
cussed in references 3 and 8. 

A complete study of the mechanism of action of solid 
surface films and their effect on friction and surface damage 
to sliding surfaces encompasses a large number of factors. 
Some of the fundamental factors are discussed in the 
TIIEOKY^ section of this report; factors that are important 
in the use of solid films have been studied experimentally, 
and the results obtained are presented herein. 

The purpose of this report is to show the relation of surface 
films to the friction, wear, and surface damage of sliding 
metals. Study of the role of surface films requires con- 
sideration of how the film is formed. The film may be (1) 
formed naturally, (2) preformed, or (3) formed by other 
methods having practical value. 

A modified version of this paper was submitted by E. E. 
Bisson to the Ihiiversity of Florida, College of Engineering, 
as a thesis in partial fulfillment of the requirements for the 
professional degree of Mechanical Engineer, May, 1954. 

THEORY 

Analysis of the effects of solid surface films should include 
a review of the generally accepted theory of di\y friction. 
This theory predicates adhesion between contacting surfaces. 
(It is of interest to note that, as early as 1785, Coulomb 
(ref. 9) recognized that “cohesion” between solids was a fac- 
tor, although he believed “cohesion” contributed a relatively 
small part of the total friction force.) The adhesion theory 
of friction (appendix A) was independent!}^ advanced by 
Merchant in this country (ref. 10) and by Bowden and Tabor 
in England (ref. 8) at about the same time (1940 to 1942). 

The adhesion theory of friction predicates the contact of 
surfaces thi’ough asperities; this theory proposes that friction 
force is equal to the sum of two terms: a shear term and a 
ploughing or a roughness term. Since the contact of surfaces 


• Supersedes NACA TX 3444 , “Friction, Wear, and Surface Damage of Metals as .Affected by Solid Surface Films,” by Edmond E. Bisson, Robert L. Johnson, Max .A. Swikert, and 
Douglas Godfrey, 1955. 
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is tiu-oiigh surface asperities, it lias ))een i)ostiilate(l (ref. 8) 
that jilastic flow occurs at tlie points of contact until the real 
contact area A is ^reat enough to support the load. The 
area .1 then equals 11 7p, where IT is load and p is flow 
pressure (yield strength in compression). The initial surface 
contact stress under these conditions is not a low value, 
hut is equal to the flow |)ressure. Ih’essure welding occurs 
at these highly stressed contact points, and the welded 
junctions must shear before relative motion can take place. 
The force vectuired to shear them is one of the components 
of the friction force, generally called the “shear’ ^ tei’in. 

A])])endix A shows the development of the equations ex- 
pressing the adhesion theory by Bowden and Tabor and by 
Merchant, lender certain conditions (as when the surfaces 
are quite clean), the shear term may he the more important 
of the two, and the second term may l)e neglected. In 
ap])endix A, surface contact pressure is represented by 
Bowden and Tabor as the symbol j) for flow pressure and by 
Merchant as the symbol // for pressure surface hardness. 
These two pressures are the same. 

For cases in whicli the j)loughing term is negligible, 
coefhcient of friction /j. (defined as ratio of friction force to 
applied load) is shown (appendix A) to be ecpial to the ratio 
of shear strength to flow pressure, that is, jjL = slp. Reduction 
in friction co(‘fficient for this case therefore depends on reduc- 
tion in the value of ratio of shear strength to yield strength. 
The ratio can be reduced by: (1) decreasing shear strength, (2) 
increasing yield strength, or (3) a combination of (1) and (2). 
Obtaining both conditions in one material is practically 
impossible because those materials with low shear strength 
have low yield strength and vice versa. However, by the 
use of low-shear-strength films (with thicknesses as small as 
millionths of an inch) on hard base materials, both desirable 
conditions may be obtained (ref. 8, p. 1 12). Thus, low shear 
strength is obtained without appreciable decrease of the yield 
strength of the combination. The load will tlius ))c sup- 


ported through the film l)y the hard base material, while shear 
occurs within the soft thin film. These low-shear-strength 
films can be of the following types: chemical reaction prod- 
ucts (oxides, chlorides, sulfides), metals, fluid lubricants, and 
so forth. 

Among the properties other than shear strength, flow 
pressure, and hardness that are important in the action of 
solid films are: crystalline structure and orientation, chemical 
composition, chemical activity, and adsorption. 

An important function of surface films (frequently 
neglected in analyses of their action) is to act as a contami- 
nant for the reduction of welding or adhesion between 
rubbing surfaces; contaminants reduce welding by reducing 
contact of clean metal to clean metal. The better the bond 
between film and surface, the greater the resistance to rup- 
ture of the film, and, consequently, the greater the protection 
from welding. 

ddie discussion of this section shows that the basic rec{uire- 
ment for reduction of friction, wear, and surface damage of 
sliding surfaces is the presence of a low-shcar-strength con- 
taminant. This contaminant serves two functions, either 
or both of which may be influential: (1) to reduce the amount 
of welding at the surface asperities, and (2) to decrease tbe 
shear force, in order to carry out the second function, the 
contaminant must be a material of lower shear strength than 
the softer of the two materials which are sliding one against 
the other (appendix A). 

APPARATUS AND PROCEDURE 

APPARATUS 

In the investigations reported, five different pieces of 
apparatus were used. These are identified as A, B, C, D, 
and Vj] general descriptions of them are given in the following 
paragraphs, and detailed desci*iptions in the references noted. 
Data presented in this report are identified in the various 
figures according to the apparatus used. 

Apparatus A; for kinetic friction (ref. 11). — Most of the 


Radial -position 



Fkjuue 1. — Kinetic-friction apparatus; apparatus A (ref. 11). 
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experimental friction and wear studies were conducted with 
the kinetic friction apparatus shown in figure 1. Tlie princi- 
pal elements of the apparatus are the specimens, wliich are 
an elastically restrained spherical rider (either or /(e-in. 
radius) and a rotating disk 13 inches in diameter. Tlie rider 
is loaded by a weiglit applied along its vertical axis. Friction 
force between the rider and the disk is measured by four 
strain gages mounted on a beryllium-copper dynamometer 
ring. The coefficient of friction is computed b}^ dividing the 
measured friction force by the applied normal load: }jl = FI\V. 
A radial-feed meclianism, when operating, causes the rider 
to traverse a spiral track on the rotating disk; tlie rider then 
slides on virgin surface of the disk. Where solid surface 
films were investigated, they were usually applied to the disk 
specimen before testing. 

Apparatus B; for kinetic friction (ref. 12). — In some of the 
endurance runs to check the wear or life of bonded films, an 
apparatus similar in principle to apparatus A was used. It 
differs from apparatus A in that no radial traverse takes 
place; the rider thus slides in the same wear track on tlie 
disk specimen at all times. It is a modification of the 
apparatus described in detail in reference 12. The spherical 
rider specimens have a radius of Ke inch and the disk speci- 
mens are 2)i, inches in diameter. 

Apparatus C; for static friction (ref. 13). — The principal 
elements of the static-friction a])paratus are a rider assem- 
bly, in which three )(-inch steel balls are rigidW clani])ed, and 
a stationary horizontal ])hite on which the rider assembly is 
su])ported by the balls. The applied load was distributed 
eciually among the three balls, and the rider assemlily was 
moved over the ])late by application of a horizontal tugging 
force. Friction-force measurements were made with strain 
gages mounted on a beryllium-copper dynamometer ring 
between the tugging force and the rider assembly. Force 
was a])plied slowly, elastically extending the dynamometer 
ring until the force was great enough to overcome static 
friction and slip of the carriage occurred. Initial slip of the 
i-ider assembly was determined by observation through a 
telescope equipped with cross hairs. When motion was ob- 
served, an indicating mark was made on the time-force 
record of the ])otentiometer chart. 

Apparatus D; for reciprocating sliding (ref. 2). — Some of 
the earlier studies of naturally forming surface films were 
made with a reciprocating slider mechanism. It applied 
normal load to two contacting surfaces, and slowly recipro- 
cated one of the surfaces. 

Apparatus E; for kinetic friction (ref. 14). — Experiments 
on solid lubricants, used in loose powder form, were con- 
ducted on an apparatus similar in principle to apparatus A. 
A ring with three equally spaced axial nodes was used as the 
rider specimen. The nodes were gi’ound with a cylindrical 
face of 2-inch radius, parallel to the ring radius, so that in 
theory, line contact existed between each of the three sliding 
nodes and the disk. The rider specimens were of wSAE 4620 
steel, case hardened to Rockwell C-62. The disk specimens 
were of SAE 1020 steel. 

MATERIALS AM) PROCEDURE 

Most of the studies have been made with both specimens 
of steel, with the films under study applied to the disk 



Figure 2. — Friction at high sliding velocities of steel on steel (ref. II). 
Apparatus A; radius of spherical rider specimen, V% inch. 


specimen. Some studies were made with a nonferrous 
alloy, such as one of the various nickel or copper alloys, as 
the spherically tipped (^(e-iii. radius) rider specimen. Solid 
films investigated included various oxides, sulfides, and 
chlorides of iron, as well as materials such as molybdenum 
disulfide and graphite. Formation of various preformed 
films is described in detail in appendix B. 

In most cases, the specimens were a sphere and a fiat 
surface so as to enable calculation of both initial contact 
area and initial contact stress by the Hertz equations. The 
friction data ])resented are typical of data obtained in many 
runs. The limits of experimental error in the friction values 
])resented were not uniform among all experiments because 
of the difficulties in maintaining absolute control of film thick- 
ness. In all but isolated cases, however, the maximum experi- 
mental error in friction coefficient, based on reproducibility, 
was ±0.03. In most cases, it was considerably less than 
0.03. For comparative purposes, a load of 269 grams was 
used in obtaining most of the data presented. This load 
produces an initial Hertz surface stress (126,000 psi) that is 
in the range of contact stresses commonly present in air- 
craft engine components that require lubrication. Accord- 
ing to reference 15, this stress is within the range of normal 
stresses (69,000 to 282,000 psi) for turbine-engine rolling 
contact bearings. At the same time, surfaces in contact 
under relatively light load and having a large apparent area 
of contact can have high stresses at localized contact areas 
(the contacting asperities). Even with lightly loaded sur- 
faces, local pressure at these small points of contact is equal 
to the flow pressure of the materials (ref. 8) and causes 
plastic flow at these points. 

RESULTS AND DISCUSSION 

CLEAN STEEL ON CLEAN STEEL 

For steel-on-steel surfaces cleaned by outgassing at 1000° C 
in vacuum, friction coefficients in vacuum as high as 3.5 have 
been measured (ref. 16). These surfaces were considered to 
be free of ordinary contaminants and most of the oxides. 
For steel-on-steel surfaces cleaned in air by the method 
presented in appendix B, maximum friction coefficient in 
air is 0.54 (fig. 2). The surfaces operating with a friction 
coefficient of 0.54 were known to have a film of Fe 3()4 approxi- 
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(a) Clean and dry. (b) Kff(‘c*tiv(‘ boundary Inbriealion. 
Fiourk 3. — Siirfaees of rider s]M't‘iinens after tests of figure 2. 



Time, sec 


Fi(;riiE 4.— Uecording j)ot(*ntioineter tracing showing (dfect of high- 
velocity sliding over a continuous path (without radial traverse) on 
coelhcient of kinetic friction. Black wear debris (ferro\is oxide 
FeO) was visible at beginning of lower stable friction value (r(‘f. 1 1). 
Apparatus A; unlubricated steel; load, 209 grams; sliding velocity, 
4000 feet i)er minute; radius of spherical rider specimen, inch. 


malely 25 A thick (about in.) (refs. 17 and 18). As 
sliding velocity is increased, friction coefficient is relativ(‘ly 
constant at a value of 0.54 up to about 1000 feet j)er inin- 


ut(‘; above this value, a downward trend can be ol)served. 
For steel-on-steel surfaces lubricated with either oleic acid 
or SAE 10 lubricant, friction coefficient was a])proximately 
0.10 at minimum sliding velocity, decreasing to 0.00 at 0000 
feet ])er minute (fig. 2). For these results (discussed in more 
detail in ref. 11) the classical laws of friction are confirmed: 
fi'iction coefficient is essentially independent of load and, at 
tlie lower speeds, is independent of sliding velocity. 

Surface appearance of the ball specimens from the dry 
and the lubricated runs of figure 2 is shown in figure 3. The 
photomicrographs show that sui*face failure by welding oc- 
curred with the dry specimen; no surface failure (welding) is 
('vident for the lubricated specimens but ploughing is appar- 
ent. The welding for dry steel was extensive, resulting in 
appreciable ‘‘tearing-ouF’ and metal transfer. 

NATUR.4LLY FORMED SURFACE FILMS 

Iron oxide films. — In figure 2, the downward trend of 
friction coefficient for the dry steel specimens at the higher 
sliding velocities is not considered a violation of one of the 
classical friction laws (friction is independent of velocity); 
rather, it is considered the result of other variables entering 
into the mechanism. The downward trend is considered 
primarily a result of formation of beneficial iron oxide films 
of appreciable tliickness; formation of oxide films would be 
accelerated at higher sliding velocities because of higher rate 
of heat generation at the sliding sufaces resulting from the 
greater release of frictional energy. In partial confirmation 
of this concept, when the steel slider was ])ermitted to 
traverse the same wear track on the disk (fig. 4), FeO was 
identified (by X-ray diffraction) as the chief constituent in 
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the wear debris; there was a coincident reduction in friction 
coefficient from 0.38 to 0.24. It is reasonable to assume 
that (he FeO film was being formed at all times; during the 
30-second traverse of the same track on the disk, the film 
attained a thickness such that it became visible to the 
unaided eye. The gradual decrease in friction coefficient 
could be the result of the gradual increase in film thickness. 
Inasmuch as film thickness growth is limited by wear and 
rupture, friction coefficient would be expected to reach a 
stable value as film thickness stabilizes. No measurement 
of the film thickness could be made under the d\mamic con- 
ditions; the appearance of the wear track was, however, 
somewhat similar to wear tracks produced on prepared 
oxide films approximately 1000 A thick. 

It is hypothesized that, under sliding conditions of vari- 
able severity for specimens of steel on steel, surface oxides 
form in the order FeO to Fe304 to Fe203. Considerable con- 
firming evidence (refs. 2, 4, 5, 16, 19, and 20) shows the 
importance of oxides in the reduction of friction, wear, and 
surface damage of sliding surfaces. On most run-in surfaces, 
oxides have been identified (refs. 2, 19, and 20). Figure 
5, based on references 2 and 19 shows (qualitatively only) 
the estimated amounts of FeaO^ and Fe20s present after 
various degrees of run-in. As shown, the amount of Fe304 
increases to a maximum for the ^Tully run-iid^ condition; 
after further operation at higher load, less Fe304 is present. 
On the other hand, Fe.203 shows a slight increase with degree 
of run-in to the ‘‘fully run-in'’ point, after which a marked 
increase in Fc203 is observed with failure of the surfaces. 
The surface films were identified by X-ray diffraction. In 
reference 19, it is shown that, at the minimum wear rate 
(which is usually associated with attainment of a “well 
run-in” condition), the amount of Fe304 is large; at the 
maximum wear rate (implying incipient surface failure), the 
amount of Fe304 is lower and the amount of Fe^Os is larger 
than at the minimum wear rate. These data may also show 
why there has been considerable controversy in published 
literature about whether oxides of iron are good or bad 
from considerations of friction and wear. This controversy 
was an incentive for the NACA to obtain fundamental infor- 
mation on the specific oxides of iron: Fe304 and Fe203. 



Degree of run-in 

Figure 5. — Effect of run-in on formation of natural films of Fe 304 
and Fc 203 . Data are qualitative and are estimated from X-ray 
diffraction results of reference 2 (apparatus D) and from reference 19. 
428230—57 2 


In agreement with the implications of figure 5, Finch (ref. 
20) states that iron oxide layers are detected on most run-in 
surfaces. He indicates (as does Campbell, ref. 6) that oxides 
play a part in the mechanism of friction by affecting the ratio 
of welded to unwelded area. He also indicates that injurious 
oxides can be formed bv excessive loading. This point is 
confirmed in the data of figure 5, which show that the oxide 
film Fe203 appears on the surface under “surface failure” 
conditions. 

Recent experiments on the influence of adsorbed films 
were conducted by Bowden and Young (ref. 16). Their 
experiments showed the very marked effect of oxygen in 
reducing friction for iron-iron combinations that had been 
thoroughly outgassed at 1000° C in vacuum (10”® mm Hg). 
7die surfaces used had a coefficient of friction of 0.4 before 
outgassing. Removal of contaminating films, including the 
oxides, increased coefficient of friction to 3.5, and led to 
complete seizure under certain conditions. Admission of 
oxygen to the vacuum chamber reduced friction coefficient 
from 3.5 to 1.2; with oxygen present, complete seizure no 
longer occurred. 

Data of reference 21 show that exclusion of oxygen from 
clean specimens by use of a “blanketing” medium, such as 
highly purified cetane for steel-on-steel specimens, produces 
a high friction coefficient; these data are shown in figure 6. 
As sliding velocity increases above 2000 feet per minute, 
friction coefficient shows a downward trend for the dry 
specimens, but shows a veiy- marked upward trend for similar 
specimens immersed in cetane, reaching a value greater than 
1.0. The increase in friction is probably due to the absence 
of the beneficial oxide films; their formation would be pre- 
vented by the cetane, which excludes oxygen. Figure 6 
shows that at low sliding velocities friction coefficient is 
lower for specimens with cetane than for dry specimens; the 
cetane may act as a contaminant between the surfaces. 
This beneficial effect might be expected to be greater at low 
than at high sliding velocities because of lower surface tem- 
peratures. Similar results on the action of benzene as a 
“blanketing” medium in metal cutting experiments are 
reported 1)3^ Ernst and Merchant (ref. 22); (hey found that 



Sliding velocity, ft/min 

Figure 6. — Data showing effect of cetane as blanketing medium (to 
restrict availability of oxygen to specimen surfaces) on friction of 
steel against steel (ref. 21). Apparatus A: load, 269 gram<; radius 
of spherical rider specimen. inch. 
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FicajRE 7.— Wear of sevenil materials sliding against hardened SAE 
52100 steel witliout lubricant (ref. 23). Aj)paratus A; sliding 
velocity, 5000 feet per minute; load, 50 grams; radius of spherical 
rider specimen, fU inch. 

friction coefficient was increased in the presence of benzene 
and decreased in its absence. 

Tlius, there is considerable evidence indicating the funda- 
mental and important efl'ect of oxides on the friction and 
surface damage of sliding metals. Not all oxides, however, 
are beneficial; detrimental oxide films can be produced under 
certain conditions (refs. 2 and 20). Additional discussion 
of the effect of sjiecific oxides is given in the section Pre- 
formed Films. 

Miscellaneous films. — In some practical applications, 
surface films have a marked effect on friction, wear, and 
damage of sliding surfaces (refs. 23 to 25). Most of the 
bearings employed in tur])ine-type aircraft engines are rolling 
contact bearings (ref. 23). One of the ])rincipal sources of 
failure in such bearings has been the cage (se])arator or 
retainer). As discussed in reference 23, most cage failures 
are caused by faulty lubrication at the cage-locating surface. 
This location is particularly susceptil)le to failure because 
the surfaces are in ])ure sliding at relatively high sliding 
velocities; also, the configuration is such that it is diflicult 
to maintain a. lubricant film between the sliding surfaces. 
These conditions reduce lubrication to extreme boundary 
conditions, and excessive metallic adhesion frequently occurs. 
One means of i*educing the severity of this ])roblem is use of 
a cage material that has less tendency to adhere to steel 
(under marginal conditions of lubrication) tlian the materials 
in current use. The XACA ap])roach was to study the 
friction and wear ])roperties of various materials, both dry 
11(1 lubricatcnl; the rc'sults wc're analyzed to determine the 
ii m-foi'ininir nronerties of the several materials, d'ho studies 



Figure 8. — Wear of several materials sliding against hardened SAE 

52100 steel without lubricant (ref. 25). Apparatus A; sliding 

velocity, 5000 feet per minute; load, 50 grams; radius of spherical 

rider specimen, inch. 

of reference 1 show that the mechanism of lubrication pre- 
vailing in bearing materials containing low-shear-strength 
components and in cast iron containing graphite involves 
the smearing of the low-sh ear-strength phase c.ver a hard 
matrix. 

Results of the XACA study of cage materials are described 
in detail in reference 23. The investigation covercnl the 
sliding against SAE 52100 of materials such as bronze (con- 
taining 7.5 jiercent lead), beryllium copper, Xichrome V, 
nodular iron, and gray cast iron. Figure 7 shows some of 
the wear data obtained at a sliding velocity of 5000 feet \wr 
minute and a load of 50 grams. (Foi* these (experiments, 
the rider specimen, radius, was of the various mate- 

rials and the disk specimen was of SAE 52100 steel hardened 
to Rockwell C-60. Size of the wear spot on the rider was 
measured, and wear volume was calculated from this meas- 
urement.) 

From this investigation, ability of materials to form surface 
films that prevent welding appears to be a most important 
factor in both dry friction and boundary lul)rication (ref. 
23). The surface films formed were derived from within the 
structure of the various materials (e. g., graphitic carbon in 
the cast iron and lead in the bronze). Under both dry and 
lubricated conditions, monel, Xichrome V, and lieryllium 
co])p('r formed films believed to be nick('l oxicU's. Wlum 
pivsent, the films improved the iierformancc of these mate- 
rials. In this investigation, the films apparently had a 
greater effect on induction of surface damage and of wear 
than on reduction of friction. The friction coefheient with 
the l)est materials of this investigation, the cast irons, was 
relatively high (approximately 0.5). 
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Nickel oxide films. — References 24 and 25 report an 
investigation of the wear and sliding friction properties of 
nickel alloys operated against various steels. Several monel 
metal alloys and other nickel alloys that have good high- 
temperature physical properties (such as Inconel and Nim- 
onic 80) were investigated. As in the studies of reference 
23, it was found that desirable performance characteristics 
and absence of extreme mass welding of all the materials 
studied could be associated with the development on the 
sliding surface's of a naturally foi’ined film. The him was 
identified as nickel oxide XiO by X-ray diflTaction. Wear 
data for some of these alloys at a sliding velocity of 5000 
feet |)cr minute and a load of 50 grams are shown in figure 
8 (note that the wear scale for figs. 7 and 8 are difi’erent). 
On the basis of wear and friction properties, cast In(‘onel 
performed very well in these experiments ami compares 
favorably with nodular iron (which proved better than 
bronze, ref. 23). Ximonic 80 also showed promise as a 
possible cage material. Both of these nickel alloys have 
considerably better high-tempei'ature properties than does 
nodular iron. 

Other studies showing the important effect on wear of 
nickel oxide are described in the section Preformed Films. 

Wear and friction experiments were conducted with some 
of the cage materials, listed in figures 7 and 8, sliding against 
disks of tool steels (molybdenum and tungsten types). The 
wear and friction results showed trends similar to those for 
tests against 52100 disks (figs. 7 and 8). 

Lacquer or varnish films. — With reciprocating engines, 
good wear performance of piston ring — cylinder barrel com- 
binations has been associated with formation of a very thin 
lacquer or varnish film on the surfaces. It has also been 
shown (ref. 26) that, for a journal bearing employing a 
lubricant of relatively poor lubricating ability or “film 
strength” (a silicone), formation of a lac([uer film provides 
a margin of safety and increases the load-carrying capacity 
of the bearing. 

The aircraft turbine engine is generally characterized by 
high operating temperatures; these high temperatures 
accelerate tlie iirocess of oxidation, polymerization, and 
decomi)osition of the lubricant. These ])rocesses of degrada- 
tion of lubricant result in formation of laccpier films on hot 
surfaces such as bearings. Because these films are naturally 
occurring, a fundamental evaluation of the role of such films 
in friction and surface damage would be worth while. 
Their influence on sui'face dainage is ])articularly important 
in the ease of the aircraft gas-turbine engine, which has a 
bearing or bearings operating dry for a short time after 
start of the engine. This condition is the result of the 
“high-temperature soak-back” of tlie turbine bearing after 
shutdown of the engine (refs. 27 and 28). Since the flow of 
coolant (lubricant) stops with shutdown, the bearing tem- 
perature increases because of tlie large reservoir of heat in 
adjacent large metal masses (such as the turliine wheel, 
immediately adjacent to the turbine bearing). Botli Hunt 
(ref. 27) and Gurney (discussion, ref. 28) show that bearing 
temperatures on the order of 500° F prevail under the soak- 
back condition. When the engine is restarted after a 
period of shutdown, the bearings operate without lubricant 


for a short time until luliricant flow is established. During 
this initial period, the bearing ])arts (including the cage) are 
operating under conditions of dry friction. Because the 
cage has been a princi])al source of bearing failures and these 
cage failures have been established as lubrication failures 
(ref. 28), a study was made of the friction and surface- 
damage charactistics of films formed on steel surfaces by de- 
composition of several types of lubricant. These results are 
reported in the following section under Lacquers or varnishes. 

CRKFORMKI) FILMS 

Studies were made of a number of preformed solid surface 
films of the type formed: (1) naturally (as in the case of 
oxides), (2) by chemical reaction of surfaces with chemically 
active additives (extreme pressure lubricant additives), or (3) 
from solid lubricants (such as molybdenum disulfide and 
graphite) that function as sup])lemental lubricants (ref. 29). 
Formation of the various preformed films is described in 
detail in appendix B. 

Iron oxide films. — Because of the importance of iron 
oxides, data were obtained on films (1200 A thick) of the 
specific oxides Fe304 and Fe203. These data, shown in 
figure 9, are from reference 30. The friction coefficients, as 
well as visual examination of the surfaces, show that Fc304 
can be quite beneficial in decreasing friction and in preventing 
surface damage. In comparison, Fe20a showed high friction 
and excessive welding and surface damage. Figure 10 
shows a comparison of the rider specimens after investigation; 
surface protection was much better with the Fe304, which 
largely prevented surface welding and metal transfer. 

Confirming evidence of the importance of the s])ecific 
iron oxide is available in references 31 and 32. Fretting 
(fretting corrosion) is a conceatrated and severe form of 
wear. With spccinens of steel f.giinst glass (ref. 31), the 
first wear particles produced during fretting were extremely 
small and ap])arently virgin material. These ])articles 
oxidized when exposed to air. Visual observations (ref. 31) 
showed color changes that suggested successive oxidation of 
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Fk;ure a. — Friction at high sliding velocitie.s of dry unlubricated 
steel against steel with no film and with preformed films of Fe 3()4 
and Fe 203 approximately 1200 A thick (ref. 30). Apparatus A; 
radius of spherical specimen, inch. 
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(ii) FejO-i. (b) Fc 203 . 

Fkjure K). — Surfaces of rider specimens after tests of fi«:ure t). 


Fe to FoO, to F03O4, and finally to Fc2()3, winch is hard and 
highly abrasive. Friction coefficient of ])o\vdered Fe2C)3 
compacts reciprocated against each other was relatively 
constant (after a few hundred CAT'les) at a value of ap])roxi- 
inately 0.5 (ref. 32). The friction coefficient of steel on 
steel (0.6) was not too different from that with the Fe20s 
compacts. With powdered Fe304 compacts reciprocating 
against each other, friction coefficient was at first low (0.3), 
but gradually increased until, at 600 cycles, the value was 
0.5, the same as that for the Fe203 compacts. Examination 
and chemical analysis of the debris on the surface of the 
Fe3()4 compacts showed that Fc203 was present. Thus the 
fretting in all three cases, (1) steel on steel; (2) Fe203 on F 0203; 
and (3) Fe3()4 on Fes04, was, after a number of cycles, es- 
sentially that of Fe203 against Fe203 as suggested In^ the 
measured values of friction coefficient. 

These data, as well as the data on naturally occurring iron 
oxide films previously discussed, emphasize the importance 
of iron oxide films to friction, wear, and surface damage. 
Effective lubrication under conditions of extreme boundary 
lubrication (where metal-to-metal contact takes place) is 
very often a function of the nature of the oxide films ])rese]it. 
When surfaces are lubricated with fatty acids, oxide films 
may also contribute to the formation of metallic soap films 
at the surface. This ])oint is developed in the section Metal- 
lic soaps. 

Chlorides and sulfides. — The meclianisni of the action 
of extreme pressure lu})ricants is considered to be one of 
chemical reaction between active additives and the metal 
surfaces. Comjiounds of chlorine, sulfur, or phosphorous 
are formed, de])ending upon the type of additive used. 



Fk;ure ll. — Friction at liigh slidinj^ velocities of steel against steel 
with no film and with preformed films of FeCt) and FeS approxi- 
mately 1000 A thick (ref. :I0). Apparatus A; radius of spherical 
rider specimen, ]/% inch. 

Results of an investigation (ref. 30) on preformed chloride 
and sulfide films approximately 1000 A thick are shown in 
figure 11. Visual examination of the surfaces showed that 
both FeS and FeCU are effective in preventing excessive 
surface damage; FeCl2 is much more effective than FeS in 
reducing friction. The difference in friction coefficient 
corresponds to the difference in shear strengths of the two 
compounds. If the reaction products from extreme-pressure 
lubricant additives of the chlorine and sulfur types are 
])rimarily FeCk and FeS, res])ectively, the effectiveness of 
the additive containing chlorine should be appreciably 
superior. The superiority of chloride films over sulfide films 
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IS confirmed by Bowden and Tabor (ref. 8), who found 
similar differences in friction coefficient. 

Effectiveness of sulfide films in reducing friction has been 
shown to be very much a function of film thickness (refs. 
() and 13). Campbell shows that, on copper, friction co- 
efficient decreases as sidfide film thickness increases up to 
about 1000 A. Results obtained by Greenhill (ref. 33) 
indicate that sulfide films on steel, copper, or silver showed 
ma.ximum reduction in friction when the thickness exceeded 
about 1500 A. Under the conditions of experiments with 
sulfide films of FeS on steel reported in reference 13, a 
thickness of approximately 6000 A is required for minimum 
friction coefficient, although surface welding was effectively 
prevented by fdms 4500 A thick. These data are shown in 
figure 12. Since the data of figure 11 are for an FeS film of 
ap])roximatel 3 ^ 1000 A where welding was effectivelv pre- 
vented, the value of 4500 A for the studies of reference 13 
appears to be peculiar to the conditions under which it was 
observed. 

Metallic soaps. — There is rather general acceptance at 
the present time of the theory that boundaiw lubrication by 
materials such as fatty acids is effected primarily by chemi- 
sorption rather than physical adsorption. Lubrication is 
most effective, therefore, when there is some reaction of the 
fatty acids with the metals to form a metallic soap (refs. 8 
and 34). Reference 8 shows that lubrication with fatty 
acids can be maintained at temperatures considerabU above 
the melting temperature or desorption temperature of the 
fatty acids; in fact, the temperature at which lubrication 
failure takes place correlates remarkabh" well with the 
melting temperature of the metallic soap that is believed 
to be formed in the chemisorption of the fatty acids on the 
surface. It has been shown (ref. 8) that the formation of a 
metallic soap is very markedly affected b\" the presence or 
absence of oxide films. In experiments on steel, the results 
of reference 35 show that the type of oxide film is also ex- 
tremely important. With a film of FeoO^ on the surface, 
stearic acid in cetane was effective as a lubricant at sliding 
velocities only up to 3000 feet per minute; with a film of 
Fe 3(>4 on the surface, the same concentration of stearic acid 
in cetane was effective at sliding velocities higher than 7000 
feet per minute 

Solid lubricants. — Because solid lubricants are frequenth" 
used as siqiplemental lubricants, the,y must be effective under 
conditions under which liquid lubricants become ineffective 
(ref. 29). In order to be effective, a solid lubricant must be 



Figure 12.— Effect of thickness of film of FeS on static coefficient of 
friction of steel against steel (ref. 13). Apparatus C; load, 2400 
grams; radius of spherical rider specimen. Vs inch. 
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Figure 13. — Friction at high sliding velocities of steel against steel 
with preformed fihns of M 0 S 2 Rud graphite (ref. 30). Apparatus 
A; radius of spherical rider specimen, inch. 

maintained in place at the contact surface (ref. 36); that is, 
it must be strongU adherent to the surface and the film 
must be continuous. As indicated in reference 36, a ‘'self- 
re])airing” film is the most effective means of maintaining a 
film at the surface. Other Wpes of film are, however, 
effective for limited periods of time. 

In addition to the requirement that the lubricant film be 
strongly adherent to the surface, solids for use in the film must 
meet other requirements. Materials for this application 
should have the following physical and chemical properties: 
(1) high melting point, because of the high temperatures 
involved, (2) low hardness, because low hardness in a ma- 
terial is associated with low shear strength and consequently 
low friction (see appendix A), (3) laminar structure (some 
layer-lattice materials have been quite effective as solid 
lubricants), (4) limited solubility, (5) limited chemical re- 
activity, and (6) surface adherence. The five materials 
included in table I should be relatively effective in reducing 
friction and wear. On the basis of their properties, MoSo 
and graphite were indicated to be the materials of most 
interest. 

Campbell (ref. 6) discussed the desired properties of solid 
lubricants and included, in addition to the mentioned points, 
the following: (1) The film should have good elastic proper- 
ties; and (2) for a specific application, certain other proper- 
ties may be required of the solids: high electrical conduc- 
tivity, liigli thermal conductivity, corrosion inhibition, low 
density, small particle size, and freedom from abrasive 
contaminants. The requirement of freedom from abrasive 
contaminants is extremely important and is discussed later. 

As shown in table I, both graphite and MoSg have excellent 
properties from the standpoint of possessing high melting 
point, laminar structure, low' hardness (which corresponds 
to low' shear strength), and relative chemical inertness. 
Since both of these materials have a laminar structure, shear 
within the material (in the plane of the laminae) should 
readily occur. Kxperimental friction results w ith M 0 S 2 and 
graphite are shown in figure 13; these data are discussed in 
detail in reference 30. At room temperature and low' spe ed, 
there is little choice between tlie two materials. At the 
higher speeds, the friction coefficient of M 0 S 2 is lower. 
Visual observation of the rider specimens indicated that some 
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(b) Friction. 

Figurl; 14. — Wear and friction of cast Inconcd (rid(‘r) sliding against 
M-10 tool steel (disk) unluhricated. Apparatus B; sliding V(4ocity 
120 feet per minute; load, 1200 grains; radius of sj)li(*rical ridiu* 
specimen, Ym inch. 

welding had occiUTed willi the grajihite him and none with 
the MoSo film. ( )(*(*uiT(Mice of welding with th(‘ grajihite 
him may have been affected hv maimer of him foi’ination 
or by humidity. An important difference IndwetMi the 
graphite and the MoSo films is the manner in wliich 
the two films were formed; tlie graphit(‘ film was 
a rubbed film and impv not have adhert'd well or been 
completely continuous on the sui'face. The M 0 S 2 him 
was a continuous him, bonded to the surface by the corn 
syrup method described in aj)j)endix B. The second factor 
involves the presence or absence of adsorbed water films. 
Considerable research (conducted by Savage, Itamadanoff, 
Cam])bell, and others, and ri'viewed by Camplx'll, i-ef. h) 
has shown that tlie ])resence of adsorbed water or oxygen 
films promotes ease of slip between adjactmt crystal ])lanes 
of graphite. Thus, in low humiditit's or in a vacuum, wear 
and friction with graphite are very high, (\impbell also 
states that, if the graphite is projierly run-in under normal 
conditions so that sufficient water is adsorbed, a high degree 
of orientation is jiroduced with the slip layers parallel to the 
supporting sui’face. Aftei* such run-in, wear is very low' 


even in relative humidities as low as 0.4 percent. With 
the XACA rubbed films, no run-in was attempted; thus, 
sliding under severe conditions (such as the higher sliding 
velocities of fig. 13) generated considerable frictional heat 
at the contacting surfaces. This heat may have desorbed 
any water films at the surface, and consequent W reduced 
the lubricating effectiveness of the graphite. 

Nickel oxide. — ^It w^as observed (refs. 24 and 25) that 
good iierformance characderistics (low' wear and prevention 
of surface' damage) of nickel alloys were obtained when a 
surface film of XiO was present; when no surface film was 
present, poor performance was obtained. 

Research at this laboratory has shown that, with increase 
in temperature, wear of Inconel decreases. This result would 
be expe(*ted, since an oxide film could form more readily at 
the higher temperatures. The reduction in both WT'ar and 
friction with increase in temperature is shown in figure 14. 
Tho data show' that wear at temperatures between 000° and 
1000° F is a])j)roximately one-tw'entieth that at 75° F. The 
effect of the film on wear w-as checked with two types of 
experiment : In the first, specimens with preformed NiO films 
were tested; in the second, an attempt W'as made to prevent 
the natural formation and repair of the oxide film by limiting 
the availability of oxygen to the specimens. 

Films w ere prc'formed by two methods. One film w^as pre- 
formed on a cast Inconel specimen by making a w^ear run in 
air at 1000° F; a room-temperature w^ear run was then 
made with this same specimen. As indicated in figure 14 (a), 
the w'(*ar rate was approximately one-tenth of that obtained 
with an untreated specimen at room temperature. A film 
w as j)reformed on a second cast Inconel specimen by heating 
it in molten caustic (XaOH). The specimen was then run at 
room temperature, and the data (fig. 14 (a)) show^ that wu'ar 
was again apjiroximately one-tenth of that obtained under 
similar conditions with an untreated specimen of the same 
material. 14ie experiment involving oxygen availability was 
made w ith cast Inconel at 1000° F in an atmosphere of argon. 
Although some oxide was undoubtedly present (because air 
was present as a contaminant), weai* was higher by a factor 
of 4. These results j)oinl to the beneficial effect of the nickel 
oxide film on both wear and ])revention of surface damage. 

Lacquers or varnishes. — Tlie study on lacquers and 
varnishes (referred to in the section Xatui’ally Formed Sur- 
face Films) w as made on friction sjiecimens to w hich had been 
aj)plied laccpier or varnish films from decomposition of sc'veral 
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Figurk 15. — KfFfct of sliding volocity 011 kinetic friction of steel 
against steel lubricated with silicone fluid and decomposition films 
formed from a silicone (ref. 37). Apparatus A; load, 209 grams: 
initial Hertz surface .stress, 12(),0()0 psi; radius of spherical rider 
sp(‘cimen. R inch. 
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types of lubricant. 'Phcse lubricant types included ordinary 
petroleums and synthetic lubricants of the diester, glycol, 
and silicone types. Results of this investigation arc reported 
in detail in reference 37. 

In general, the data of reference 37 show that the de- 
composition products reduced friction and surface damage of 
slider surfaces when compared with diy, clean steel surfaces. 
The effect of surface films in reducing friction and protecting 
the surfaces is strikingly demonstrated in figure 15, which 
shows friction coefficient under three conditions; (1) with sili- 
cone (a poor lubricant) alone, (2) with a silicone decompo- 
sition film, and (3) with silicone fluid over the decomposition 
film. The marked reduction in friction with decomposition 
films is apparent. Furthermore, with the fluid alone, surface 
damage was severe; appearance of the rider was similar to 
that shown in figure 3 (a) . With the decomposition film alone 
and with the fluid over its decomposition film, damage to the 
surfaces was veiy slight ; rider appearance was similar to that 
of figure 3 (b). 

Platings. — Bowden and Tabor (ref. 8) have shown that 
plated films of soft metals can produce extremely low friction 
coefficients, provided the underlying metals do not contact 
each other through the film. This finding implies a limiting 
film thickness below which protection to the surfaces is 
inadequate. Bowden and I ahor found that the limiting 
thickness was of the order of 10"^ centimeter for indium 
films. Other metals such as lead, silver, cadmium, and 
copper have been used as friction-reducing platings. I he 
data of reference 8 (pp. 113-114 and 95-97) confirm the 
theory (appendix A) that the lower the shear strength of the 
film material, the lower will be the value of friction. Their 
results showed that “. . . friction of copper>lead>indium 
and that the values of friction . . . are roughly proportional 
to the shear strengths of these metals.” From friction 
results obtained with a steel slider sliding on surfaces of steel, 
copper, lead, and indium, Bowden and Tabor calculated 
shear strengths of these materials, these values aie gi\en 
in the following table (ref. 8, p. 97) ; measured shear strengtiis 
of tlic pure metals arc included for comparison! 


Metal 

Shear strength, g/mm 2 

Calculated 
from friction 
measure- 
ments 

From direct 
measurement 

Steel 

140, 000 
28, 000 
1, 600 
325 

90. 000 

16. 000 
750 
220 

Copper - - 

Lead - 

Iiidiuni 



In a practical application involving the cages ol rolling 
contact hearings for airciaft gas-turbine engines, silver has 
been used (ref. 38) as a ])latiug material. Its use pi evented 
excessive metal transfer and pickup” of the bronze cage 
material to the steel hearing material during operation after 
high-temperature soak-hack. 

OTHER METHODS OF LURRfCATION »Y SOLIDS 

Jn practice, solids may be used to lubricate by two 
methods: (1) inclusion of the solid as a minor constituent of 
the materials to be lubricated; this method provides lubiica- 
tioii by formation of a film on the siu'face from witliin the 
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Figure 16. — Endurance tests showing total number of cycles to failure 
for several runs of solid-film lubricants of M 0 S 2 using four different 
resin-forming liquids. Cadmium-plated, silver-plated, and clean 
unlubricated specimens included for comparison. Film thicknesses, 
0.0002 to 0.0005 inch. Failure was determined by high friction 
force and chattering of specimens (ref. 40). Apparatus B : radius of 
spherical specimens, inch. 


Structure of the material, and (2) preformation of a surface 
film and constant repair of this film. Jn method (1), the 
bearing material can be made by powder metallurgy with a 
solid minor constituent that is an excellent lubricant. ith 
metliod (2), the surfaces may have a preformed lubricant 
film, and some external means may be provided to replenish 
(he material so as to maintain a continuous film. 

Bonding of solid lubricants. — lieferences 39 and 40 
cover investigations made to determine the mechanism of 
bonding of M 0 S 2 and other solid lubricants to various 
materials and to determine the friction and wear character- 
istics of such bonded films. It is shown in reference 39 that, 
when a solid powder suspended in a resin-forming liquid 
vehicle is applied to a hot surface, the liquid decomposes or 
polymerizes to resins that bind the particles of powder to- 
gether and to the surface. I^wders can be bonded in this 
way to materials such as steel, aluminum, brass, stainless 
steel, or glass. The resin-forming liquids that were investi- 
gated are: asphalt-base varnish, silicones, glycerin, ethylene 
glycol, polyglycol ether, and corn syrup. Solid lubricants 
bonded by this method were M 0 S 2 , graphite, and Fe3()4. 
Electron diffraction studies (ref. 39) of a M 0 S 2 film bonded 
to steel showed no evidence of chemical reaction between 
the M 0 S 2 and the steel. As a part of the bonding investiga- 
tion, rubbed films were also studied, liubbing of M 0 S 2 
and gi’aphite was shown (refs. 39 and 30) to produce orienta- 
tion of the materials. 
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ITgurk 17. — Wear and friction of hot-pressed bearing material con- 
taining M 0 S 2 . Rider specimens (on which wear was measured) 
were composed of 5 percent copper (by weight), 95 to 60 percent 
silver, and 0 to 35 percent M 0 S 2 . Disk specimens were 1020 steel 
(ref. 41). Apparatus A; sliding velocity, 5000 feet per minute; 
load, 519 grams; time, 60 minutes; radius of spherical specimen, 
inch. 


The studies of reference 39 showed that resin-forming: 
fluids on steel surfaces chemically reduce Fc 203 to Fes 04 . 
Tliis conclusion was reached from electron-diffraction studies 
of a M 0 S 2 film bonded with corn syrup as well as from chemi- 
cal analyses of various mixtures of M 0 S 2 , corn syrup, iron, 
and Fe^Oa. Presence in the bonded MoS> film of Fe 3()4 
rather than Fe 203 (the oxide originally present on the surface 
before the M 0 S 2 film was bonded) should be advantageous 
because of the better friction and surface protecting prop- 
erties of Fe 304 (fig. 9 and ref. 30). 

MoSo as a solid lubricant. — The studies of reference 40 
showed that solid lubricants can be applied by a practi(;al 
bonding method. The reported friction and endurance data, 
ol)tained under the severe conditions of completely diy 
operation and high surface stresses, showed that solid-film 
lubricants (from 0.0002 to 0.0005 in. thick) of M 0 S 2 bonded 
with various resins (including corn syrup) possessed good 
lubricating qualities (fig. 16). For comparison purposes, 
figure 16 presents results for clean steel specimens and for 
specimens with a 0.0005-inch plating of cadmium or of silver. 

An investigation was made (ref. 41) to study the lubri- 
cating effectiveness of M 0 S 2 included as a minor constituent 
in materials made by powder-metallurg}^ techniques; such 
bearing materials might be capable of operating success- 
fully even under extreme boundary-lubrication conditions 
(possibly even completely dry). For these experiments, the 
rider specimens were powder-metallurgy compacts of: 
copper, 5 percent (by weight); silver, 95 to 60 percent; and 
M 0 S 2 , 0 to 35 percent. Values of friction and wear of these 
materials are shown in figure 17. Wear was determined 
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Figure 18. — Effect of sliding velocity on coefficient of friction for 
various mixtures of M 0 S 2 and a silicone fluid (a poor boundary lubri- 
cant) (ref. 43). Apparatus A; load, 269 grams: radius of spherical 
rider, Vs inch. Solid film of M 0 S 2 formed by corn syrup method 
described in appendix B. 



Figure 19. — Effect of mixtures of oil (white, medicinal) and M 0 S 2 on 
friction coefficient (ref. 44). Apparatus E; load, 40 pounds; sliding 
y’elocity, 6 feet per minute; radius of cylindrical rider specimen, 2 
inches; steel on steel. 

from the measured wear spot on the rider specimens. These 
data show that friction (*oefficient decreased progressively 
with increase in concentration of M 0 S 2 . With wear, how- 
ever, there was a definite optimum in M 0 S 2 concentration. 
High yvear at low concentrations probably resulted from 
lack of eff*ective lubrication; high wear at high concentra- 
tions probably resulted from lack of physical strength of the 
material. vSince the specimens were operated without 
external lubrication, such materials show some promise for 
severe conditions of load, speed, and lack of lubrication. In 
these experiments, welding (as observed visually) wtis absent 
for all compacts that contained more than 5 percent M 0 S 2 . 
The materials apparentl^^ formed an effective lubricating 
film on the surface by a transfer of solid lubricant from within 
the structure of the materials. 

An investigation of lubrication b^^ preformation of a surface 
film and constant repair of this film is reported in reference 
42. The solid lubricant was supplied to the specimens with 
an ^hiir-mist'^ s^-stem; the same eff’ect could undoubtedly 
have been produced if the solid yvwe supplied in a volatile 
liquid carrier. Preliminaiy investigations had shoyvn that, 
with introduction of powdered M 0 S 2 in a rolling contact 
bearing, a continuous film of M 0 S 2 was formed on the con- 
tacting surfaces by the rolling action of the bearing com- 
ponents. It is possible (ref. 42) to operate conventional 
rolling contact bearings so lubricated either at high tempera- 
tures (approaching 1000° F) or at high speed (to DN values 
of 900,000, equivalent to a rotative speed of approximately 
12,000 rpm for a 75-mm-bore bearing). 
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Fir.uRK 20. — Effect of silica additions to M0S2 on wear and friction of 
steel specimens (ref. 44). Apparatus K; load, 40 pounds, slidinj< 
velocity, G feet per minute; duration, G hours; radius of cylindrical 
rider specimen, 2 inches; steel on steel. 


Mixtures or suspensions of solids in liquid carriers may not 
at first consideration seem to fall in the class of solid surface- 
film lubricants as discussed in this report. Material so 
suspended may, however, provide lubrication b}" forming a 
solid film at the sliding surfaces. The studies presented 
in appendix E of reference 43 showed that low friction 
and complete protection of the surfaces from welding 
(as observed visually) could l)e obtained with mixtures of 
M 0 S 2 in a silicone fluid. These results were ol)tained with 
concentrations of 18 and 50 percent M 0 S 2 (fig. 18). The 
silicone fluid by itself was an extremely poor boundary 
lubricant for the steel-on-steel specimens of tliese experi- 
ments. Surface welding was prevented for M 0 S 2 concentra- 
tions as low as 5 percent. It should be recognized, however, 
that these particular mixtures were subject to settling, since 
they were not colloidal suspensions; such settling could be 
detrimental in a practical mechanism. 

Mixtures of M 0 S 2 and a lubricant (white oil) produced 
friction coefficients (ref. 44) lower than those obtained with 



Figure 21. — Oxidation characteristics of M082 in air. (Data from 

ref. 4G.) 
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Figure 22. — Friction at high sliding velocities of steel against steel 
with preformed films of rubbed MoO:< and oxidized M082 (ref. 4G). 
Aj)paratus A; radius of spherical rider specimen, inch. 


either the M 0 S 2 alone or the oil alone (fig. 19). 'Jfiie lowest 
concentration of M 0 S 2 required for minimum friction coeffi- 
cient is approximately 10 percent. 

As previously discussed, contaminants may be important 
in the use of solid lubricants. An investigation of tliese 
effects, using M 0 S 2 as the solid lubricant, is described in 
references 44 and 14. The studies of reference 44 revealed 
that naturally present contaminants, such as silica, might 
increase wear considerably, even though friction coefficient 
was increased onl}^ slightly (fig. 20). Moisture has a very 
detrimental effect on lubrication with M 0 S 2 ; both friction 
and wear increase as moisture content increases (ref. 14). 
Moisture in M 0 S 2 also forms acids that may be corrosive. 
Purity of the M 0 S 2 is therefore of considerable importance. 

Campbell (ref. 6) states: ^‘When chemical conversion 
coatings are used in combination with other solid lubricants, 
a surface is produced which outwears b}" a large factor either 
lubricant alone. His data show that marked increases in 
life (as measured by cycles to failure) could be obtained with 
a graphite film over a phosphated surface; the phosphate 
treatment was presumed to improve adherence of the lubri- 
cant film. Barwell and Milne (ref. 45) showed similar 
improvements (reduction in scuffing wear and increase in 
seizure load) by the use of M 0 S 2 in association with 
phosphated surfaces. 


r -Unoxidized Mo $2 r-Unoxidized Mo $2 Oxidized M 0 S 2- 7 



Figure 23. — Schematic representation of rider-disk combination, with 
uiioxidized and with oxidized M0S2 films. 
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Fioi rh 24. — Effect of MoO.j on friction of steel against steel at high 
sliding velocities (ref. 40). Ai)paratiis A; radius of spherical rider 
specimen, H inch. 


Siiu*(‘ M0S2 a})])oar(‘(l promising in the investigations at 
room tem])erature, it was considered as a higli-temperature 
lul)ricant. An X-rav ditl’raction investigation of its eliemical 
stability at high tem|)eratures was accordingly made (ref. 
4(i). This investigation showed that in vacaium there is no 
phase change of the M0S2 at temperatures l)elow 1000° F. 
In the ])resence of tlie oxygen, liowever, M0S2 was found to 
oxidize to molyhdenum trioxide M0O3 at a very low rate at 
750° F ; the rate of oxidation increases steadily with increase 
in t('mp(M*ature as shown in figure 21. Since MoOa is abra- 
sive, the friction cliaract eristics of botli an oxidized film of 
M0S2 and a rubbed film of pure M0O3 were studied. The 
results are shown in figure 22. The data show that M0O3 is 
a very poor lubricant and its use resulted in high friction and 
excessive welding. The “oxidized’’ M0S2 film, however, 
showed results I'emarkably similar to those for the unoxi- 
dized M0S2 film. 

An explanation of the mechanism of action of the M0S2 in 
(he ‘^oxidized” condition must consider the actual surface 
films in both the oxidized and the unoxidized conditions. 
Sketches of the two surface films, based on an hypothesis 
that ex])lains llie meclianism, are simwn in figure 21b While 
conditions in these experiments were intended to give as near 
comj)let(' oxidation as jiossible, undoubtedly some fraction of 
the M0S2 remains unoxidized; even though this fraction is 
extremely small, it acts as an effective solid lubricant at the 
surface. The film immediately adjacent to the surface 
appears to be that part wliich produces tlie beneficial results. 

Studies were made (ref. 4fi) of a film of |)ure M0O3 applied 
to a clean steel disk by an evaporation teclmictue; the M0O3 
was condensed from the vapor state on a steel disk until a 
film ajiproximately 0.003 inch thick was present. Friction 
coefficients obtained with this film (upper curve of fig. 24) 
were higher than those for clean steel on clean steel at all 
sliding velocities. Studies were also made (ref. 40) of an 
evaporated M0O3 film applied to a steel disk on which there 
was a thin film of mixed iron oxides and carbon; this base 
film was produced by painting the surface of the hot disk 
with corn syrup. As previously discussed, the corn syrup 
reduces Fe2()3 to Fe3()4 at high temperatures (ref. 39). 
Friction with the eva])orated M0O3 film applied over the 


mixed iron oxides and carbon is shown in figure 24; the data 
show that friction coefficient with this film is higher than that 
for a bonded M0S2 film, but lower than that with either 
M0O3 on clean steel or for clean, dry steel. This result again 
illustrates the importance of iron oxides to the friction 
mechanism; the reduction in friction (as compared with either 
M0O3 on clean steel or with clean steel) is probably the result 
of surface protection by the Fe3()4 film. 

The studies of reference 31 suggest that fretting damage is 
caused basically by high adhesive forces; the adhesion theory 
of friction predicts that a solid surface film of low shear 
strength slioidd be effective in the mitigation, or inhibition, 
of fretting. Because of the effectiveness of M0S2 as a solid- 
film lubifcant, it was check(‘d (ref. 47) for its effectiveness as 
an inhibitor of fretting. Data obtained that show M0S2 to 
be an effective fretting inhibitor are presented in the following 
table; for comparison purposes, data for clean specimens and 
for specimens lubricat(‘d with mineral oil are included: 


Specimens 

Surface film 

Cycles to 
start of fret- 
ting 

Steel ball on glass 
flat 

None 

Mineral oil 

1-30 
l.-WO 
72, 000 
28. OOO, 000 

M 0 S 2 dusted 

M 0 S 2 bonded 

Steel flat on steel 
flat 

•Xone 

M 0 S 2 bonded . . 

100 

10, 000, 000 


These results show that a surface film (even mineral oil) 
delays the start of fretting; this effect is believed to result 
from reduction of the adhesive foi'ces responsible for fretting. 
Of the various methods of applying M0S2, bonding of the 
film was clearly supei*ior, probably because of the strong 
adherence of the bonded film to the surface. 

Other solids as lubricants. — As previously stated, graphite 
is a solid that has many of the properties desired of a solid 
lubricant for use at high temperatures. In consequence, 
graphite was included in a previously un reported investiga- 
tion in which lubrication of bearings at high temperature 
was studied; method of application of the graphite was 
essentially the ^‘air-mist” system of i-eference 42. ddie 
investigation showed that lubrication of a 20-millimeter-bore 
ball Ix'aring opei’ating at 2500 rpm with graphite was suc- 
cessful at temperatures to 1000° F. Good results were ob- 
tained with both dried and undried graphite. In contrast 
to the harmful (abrasive and corrosive) products from oxida- 
tion of M0S2, the oxidation products from graphite are 
‘diarmless” (ref. 6). As indicated in reference 6, “graphite 
starts to oxidize to carbon dioxide at 350° C (662° F).” 

Boyd and Robertson (ref. 48) investigated a number of 
solid lubricantsat extremely high pressure (to 400,000 Ib/sq in.) 
and found that M0S2 and graphite were among the best of 
the various lubricants included in their investigation. It 
is also possible that oxides of several metals used in the 
powdered form might effectively lubricate. 

There have been several practical instances at the Lcnvis 
laboratory that have proved the effectiveness of solid lubri- 
cants where extremely severe opei‘ating conditions are in- 
volv(‘d. For ('xample, a large number of air-liandling valves 
are required to operate in a corrosive atmosphere at ambient 
temperatures up to 600° F. An attempt to operate the 
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v^alves with a bearing combination of a relativel}^ liard 
stainless steel journal and a hard stellite hearing resulted in 
bearing seizure. A bearing was designed that had an 
interrupted surface with the surface interruptions filled with 
a solid lubricant. Dry bearings of this type have operated 
satisfactorih’ over a period of time at temperatures up to 
600 ° F. 

SUMMARY OF RESULTS 

Under extreme boundary-lubrication conditions, where 
metal-to-metal contact takes place, the generally accepted 
friction theory (according either to Bowden and Tabor or to 
Merchant) predicts that friction and tendency to surface 
failure (by welding) of rubbing metals can be reduced rela- 
tively simply; this reduction can be accomplished by a re- 
duction of the ratio sjp where s is shear strength of the softer 
of the two contacting materials and p is flow (yield) pressing 
of the softer of the two contacting materials. The most 
practical means of reducing the ratio sjp is to reduce the value 
of s. The use of thin low-shear-strength films on hai’d base 
materials results in a reduction of s with negligible reduction 
of p. Thus any low-shear-strength material (for example, 
some oxides, sulfides, plated films, liquid lul)ricants, etc.) 
that acts as a contaminant between sliding surfaces should 
be effective in reducing friction and surface failure. Exper- 
imental investigations by the XACA produced the following 
results, which are consistent with this view: 

Experiments with iron oxides showed that F(‘0 and Fe3()4 
are generally beneficial, while Fe2()3 is harmful. With steel 
specimens in sliding, exclusion of oxygen by use of a blaidvet- 
ing medium prevented the formation of the l)eneficial oxides 
and permitted extensive surface welding. In fact, the results 
of these and other investigations indicate that, with many 
metals and particularly ferrous alloys, effective lubrication 
is very often dependent on the presence of an oxide film that 
can serve either as a solid lubricant film itself or as a means of 
obtaining a metallic soap film (by reaction with fatty acids) 
which serves as the solid lubricant. The importance of 
oxides to the friction and wear processes has not always l)een 
fully appreciated. 

Chemical reaction films such as FeS and FeCb w(*i-e effec- 
tive in preventing surface welding; FeCl2 was much more 
effective than FeS in reducing friction (for exam])le, at 3000 
ft /min sliding velocity, friction coefficient /x was approxi- 
mately 0.13 for FeCb and 0.40 for FeS). This difference in 
friction corresponds to the difference in shear strengths of the 
two compounds. 

Wear studies showed that i)revention of surface damage 
and maintenance of low wear could be associated with the 
formation of naturally occurring surface films on one or both 
of the sliding specimens; for cast irons, the surface film con- 
sisted of graphitic carbon and for various nickel alloys, the 
film consisted of the nickel oxide NiO. In one investigation 
with cast Inconel sliding against hardened M-10 tool steel 
at temperatures ranging from 75° to 1000° F, a very marked 
downward trend of wear with increase of temperature was 
observed. It is speculated that this downward trend was 
the result of formation of beneficial nickel oxide(s) at the 
higher temperature. In this same investigation, wear was 
reduced by a factor of 10 through pretreatment of the Inconel • 


specimen to form a nickel oxide surface film. It was ])ossible 
to increase wear by limiting formation of the oxide film. 
This result was obtained by conducting tests at 1000° F in 
which the availability of oxygen was restricted by displacing 
the air surrounding the specimens with argon; under these 
conditions, wear increased. 

Investigations of solid surface films of the lacquer or var- 
nish type (preformed from decomposition of several petrol- 
eum and synthetic lubricants) showed that such films re- 
duced friction and surface damage considerably, compared 
with dry clean steel surfaces. Furthermore, when a fluid 
silicone film is present over its lacquer or varnish film, the 
reduction in both friction and surface damage is quite marked 
as compared with the silicone film alone. 

Various solids were considered for use as solid-film lubri- 
cants; of those considered, M0S2 and graphite seemed best 
for use under severe operating conditions such as high 
temperatures, high loads, or any of the various o])erating 
conditions leading to extreme l)oundary lubrications. In- 
vestigations of these solids under high contact pressures, 
high temperatures, or high sliding velocities indicated that, 
in general, beneficial results were obtained with each ma- 
terial in the lubrication of steel on steel. Those materials 
were therefore studied extensively with respect to: (0 
methods of bonding to surfaces, (2) lubrication of rolling 
contact bearings, and (3) for M0S2, stability at high tem- 
])eratures. 

Studies of the mechanism of bonding showed that both 
M0S2 and gra])hite could be bonded to most surfaces by the 
use of a resin-foi'ining liciuid vehicle. The films so bonded 
were (piite effective in ])reventing damage and reducing 
friction over limited pei’iods of time. The M0S2 and gi*aphite 
were used to lubricate rolling contact bearings at liigh tem- 
perature and provided effective lubrication up to 1000° F. 
This ap])lication required a solid lubricant film to be formed 
and maintained (rejiaired) by continual injection of small 
amounts (approximately 0.001 Ib/min) of the solid lubricant. 

X-ray difl’raction studies of M0S2 showed no phase changes 
below 1000° F in the absence of oxygen. Electron and X-ray 
diffraction experiments show that in the presence of oxygen 
M0S2 oxidizes to molybdenum trioxide M0O3. The rate of 
oxidation increases steadily with ncrease in tenqierature : 
it is low below 750° F and l)ecomes high at tem])eratures 
above 1050° F. Presence of a very small amount of un- 
oxidized M0S2 in oxidized bonded M0S2 films will, however, 
maintain low friction and provide good ])i*otection from 
surface damage. 

The general results of these investigations show that the 
])resence of certain low-shear-strength solid surface films 
can markedly reduce friction, wear, and surface damage of 
rul)bing metals operating under conditions of extreme bound- 
ary lubrication (where metal-to-metal contact takes place). 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, February 10, 1955 
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APPENDIX A 


ADHESION THEORY OF FRKTION 


Bowdon and Tabor (rof. 8) 

Friclioii, F=S-\^ P — Ploughing’' 

F--=As + A'p 

j Ijoad _ir 

Flow prossmv 

_ Fri(Tion_ F _As_A'j) 

Load “TT'^TT Tr 


Wlion the ploiigliin^»- term is no^li^iblo, 

_.v_vShoar strength 
^ ]) Flow |)ressiire 

^^e^ehant (ref. 10) 
ju=^-j+Tan 0 = wSliear+ Rougliness 


When tlie roughness term is negligil)le, 


wliei’e 


_ X _ Shear strength 
^ fl Pressure surface hardness 


F friction force 

S shear force 

F l)loiighing force 

A shear area 

H shear strength 

A' ploughing area 

p flow j)ressure (in certain cases equivalent to yield 
str-ength in coni|)ression) 

n load 

0 average angle that ])lanes of slip make with general 
plane of surface 

// jiressuiT surface hardness (in certain cases equivalent 

to yield strength in compression) 


APPENDIX B 

FILM PREPARATION 


The jireparation of various ])reform(‘(l films is described in 
considerable detail in references 13, 30, 37, 40, and 40; a 
condensed version of the procedure for each specific film is 
imduded in this appendix. 

'fhe finishing and cleaning procedure summarized here is 
described in detail in reference 11. f]ach disk was subjected 
to a similar milling, grinding, and lapping procedui’e, which 
was followed by a cleaning procedure essentially as follows: 

(1) Degrease in low-aromatic cleaning naphtha 

(2) Abrade with 3/0 emery paper 

(3) Wash with mixture of 50 percent benzene and 50 

])ercent acetone 

(4) vScrub with levigated alumina 

(5) Rinse with water 

(0) Rinse with 190 proof ethyl alcohol 

(7) Dry in clean, warm air 

FORMATION OF FILM (KEF. )0) 

A film of Fe304 was formed by heating steel in a restricted 
oxygen supply; the disk was heated to 375° C (707° F) in a 
metal bell jar in which the air pressure was 0.1 millimeter of 
mercury. After 30 minutes in the vacuum furnace, inter- 
ference colors were obtained which indicated a thickness in 
the order of 1200 A. The steel was cooled to room tem- 
perature in the furnace under the same low pressure. 

FORMATION OF FtiOs FILM (REF. 30) 

A film of the oxide F('2()3, which contains the greatc'st 
amount of oxygen of the iron oxide films investigated, was 
prepared by heating a steel disk to 350° (662° F) in clean, 

dry air at atmospheric pressure. The disk was removed 


from the source of heat when the interference colors on the 
surface indicated thickiu'ss about 1200 A. 

FORMATION OF FcCh FII.M (REF. 30) 

A film of FeC'b ^vas formed by exposing a warmed, clean 
steel disk to the hot vapors composed of an az('otropic 
solution of hydrochloric acid and water. The warm disk 
was placed in a hot gas cliamber at 100° C (212° F), which 
was then partly evacuated. When a valve was opened at 
the inlet to the chambei-, a vajior composed of 20 |)ercent 
water and 80 percent hydrochloric acid could envelop the 
disk. A 2-minute (\\})osure was suflicient to form a thin, 
white, uniform coating believed (on basis of interference 
colors) to be ajiproximately 1000 A thick. 

FORMATION OF FcS FILM 

Kinetic friction experiments of figure 11 (ref. 30). — A 
film of FeS was formed by ('xposing a heated disk to hydrogen 
sulfide IT2S gas. The clean steel disk was placed in a vacuum 
furnace at room tcunperature and the air piTssure ix'duced 
to 0.25 millimeter of imTcury. Ilydrogim sulfide was ad- 
mitted and the ])r('ssure again reduced. This process was 
re])eated until the chamber was ])urged of air. The disk 
was then heated to 350° C (662° F) and an additional 
amount of 1128 was admitted. The film formed rapidl}^ and 
the furnace was allowed to cool while the low pressure was 
maintained. The film thickiu'ss was believed (on basis of 
interference colors) to be approximately 1000 A. 

Static friction experiments of figure 12 (ref. 13). — Films 
of FeS were formed on the rider specimens (balls) by heating 
in an atmosphere of II2S. Thickness of the films was calcu- 


FRICTION, WEAR, AND SURFACE DAMAGE OF METALS AS AFFECTED BY SOLID SURFACE FILMS 


17 


lated from weight gain and was checked by means of the 
modified chemical spot test, as discussed in reference 13. 
All weight gain was assumed to be caused b}^ the addition 
of sulfur, which was stoichiometricalh" combined with iron 
to form iron sulfide. 

FORMATION OF M 0 S 2 FILM 

Corn syrup resin for film of figure 13 (ref. 30). — Molyb- 
denum disulfide M0S2 powder was mixed into a smooth 
paste with an organic binder (commercial corn syrup). The 
mixture was painted on a steel disk, the temperature of which 
was 350° (662° F). After the disk cooled, loosely adhering 

M0S2 was scraped off' with a straight edge until the film was 
thin (approximately 0.005 in.), tenacious, gray-black, and 
very smooth. The disk was finished by light abrasion with 
3/0 emery paper, followed by washing in 190 proof etlud 
alcohol. 

Corn syrup resin for film of figure 16 (ref. 40). — Equal 
parts 1)}" weight of M0S2 and corn syrup were mixed to a 
paste. The disk was preheated to 250° to 300° C (482° to 
572° F) and the paste applied to the disk. After the disk 
had cooled and the excess was scraped oft', the surface was 
rubbed with fine steel wool and burnished with soft clean 
cloth to form a film of thickness from 0.0002 to 0.0005 inch. 

Asphalt-base resin (ref. 40). — A mixture of 1 part (by 
weight) M0S2 and 2 parts (by weight) asphalt-base varnish 
thinned 60 percent (by volume) with naphtha was brushed 
on a clean steel disk; the film was then air dried at room 
temperature until tack free. This film will become sufficient- 
ly hard (equivalent to hardness obtained when cured for 3 hr 
at 150° C) if enough time at room temperature is allowed. 
The disk was then rubbed with steel wool and burnished with 
a soft clean cloth to form a film of thickness from 0.0002 
to 0.0005 inch. 

Silicone varnish resin (ref. 40). — A mixture of 1 part (by 
weight) M0S2 and 2 parts (by weight) silicone varnish thinned 
20 percent (by volume) with X3dene was brushed on a clean 
steel disk and dried under infrared ra^^s until firm. The film 
was cured bv heating at 200° to 250° C (392° to 482° F) for 
3 hours. The disk was then scrubbed with steel wool and 
burnished with soft clean cloth to form a film thickness fi*om 
0.0002 to 0.0005 inch. 

Glycerol resin (ref. 40). — A mixture of 1 part (b}^ weight) 
M0S2 and 2 parts (by weight) glvcerin preboiled (to about 
one-fifth its original volume) was rubbed on a clean steel disk. 
The film was then dried either bv (a) heating to 250° to 300° 
C (482° to 572° F) and repeating application of mixture 
with rubbing until film covered surface completel}" and con- 
tinued heating until dry, or (b) drying under infrared until 
film was firm, then cured b}^ heating for 3 hours at 250° C 
(482° F). The disk was then scrubbed with fine steel wool 
and burnished with soft clean cloth to form a film of thick- 
ness from 0.0002 to 0.0005 inch. 

FORMATION OF OXIDIZED M 0 S 2 FOR ULM OF FIGURE 22 (REF. 46) 

A disk, on which had been formed a film of M0S2 in ac- 
cordance with the method of reference 30, was placed in a 


muffle furnace and heated K hour at 1000° F. This treat- 
ment produced a top layer primarily of M0O3, with an under- 
lying thin layer of mixed M0S2, iron oxides, and carbon. 

FORMATION OF MoOs 

Rubbed M0O3 for films of figure 22 (ref. 46). — Coarse, 
crystalline M0O3 was rubbed on the fiat disk to produce the 
rubbed M0O3 film. This rubbing essentially resulted in 
filling the microscopic valleys of the steel surfaces. 

Evaporated M0O3 for film of figure 24 (ref. 46). — The 
M0O3 was evaporated onto the surface of two disks. One 
of these disks was clean; the second had a film of mixed iron 
oxides and carbon on the surface. The mixture of iron 
oxides and carbon was obtained by painting the surface of a 
hot steel disk with corn syrup only. Evaporation of M0O3 
was done hy heating molybdic acid H2M0O4 in a crucible; 
during heating, the acid dehydrated and be(‘ame M0O3, 
which melted, evaporated, then condensed on the cool disk 
surface immediately above the crucible. The films were 
approximately 0.003 inch thick. Details of the film prejia- 
ration are given in reference 46. 

FORMATION OF GRAPHITE FILM (REF. .30) 

Grapliite was deposited on the surface of the steel disk by 
compressing flaky graphite into a cake, which was then pressed 
against the rotating disk. The resulting film, while not com- 
pletely continuous, was estimated to be less than 0.0005 
inch thick. 

FORMATION OF NICKEL OXIDE 

Nickel oxide films were preformed by two methods. In 
the first, the film was preformed on a cast Inconel specimen 
by running a sliding friction experiment in air at 1000° F; 
previous sliding friction experiments with nickel alloys had 
shown that NiO was formed on the surface (refs. 24 and 25). 
In the second metliod, tlie film was prefoi-med bj^ lieating a 
cast Inconel specimen in molten caustic NaOII. Exact 
thickness of these nickel oxide films is unknown. 

FORMATION OF LACQUERS OR VARNISHES (REF. 37) 

The lacquer or varnish films were formed by heating the 
disk specimen in air. Before heating, a thin film of fluid 
luhricant was uniformly deposited on the disk surface; in 
most cases, the quantit\^ of fluid was approximately 1 cubic 
centimeter and the fluid was uniformly applied as a fine mist. 
Decomposition of the fluid lubricant was accomplished by 
heating the disks to temperatures slightly higher than those 
at which the first visible vaporization of the lubricant oc- 
curred. The temperatures were maintained as long as 14 
hours. 

PLATINGS 

Cadmium plating. — The cadmium plate was applied using 
a lead anode in complex cyanide of cadmium bath. Tiie 
thickness of the plate was 0.0005 inch. 

Silver plating. — The silver plate was applied using a 
silver anode in a silver cyanide bath with aerosol as a 
brightener. The thickness of the plate was 0.0005 inch. 
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TABLE L— PHYSICAL AND CHEMICAL PROPERTIES OF SOLID LUBRICANTS 


Material 

Melting 

point, 

°C 

Hardne.ss, 

mho 

Crystalline proi)erties 

Solubility 

Chemical 

reactivity 

Structure 

Form 

Orientation 

In water 

Other 

solvents 

Molybdenum disulfide MoS 2 __ 

Tungsten disulfide WSo 

Graphite C _ _ _ 

Lead iodide Pblo __ 

Silver sulfate Ag 2 S 04 

1 1 85 

1250 

3527 

402 

652 

1.0 2.5 

Friable 

1.0 2. 0_ . 

Hexagonal 

IlexagonaL 

Hexagonal. 

Hexagonal __ __ 
Orthorhombic _ 

Laminar 

Laminar 

Laminar 

Laminar 

Random 

None- - _ 

Highly pre- 
ferred 

None 

None. 

Insoluble 

Insoluble 

Insoluble 

Slightly - - - 
Slightly 

II 2 SO 4 , 
acj. reg. 
HNO 3 + 

II F 
None 

KI 

UNO,, 

H.S 04 . 

Medium 

Medium 

Low 

Medium 

Medium 
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